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Tetanus  Toxin  -  Significance 


Tetanus  infections  are  no  longer  a  serious  health  problem  in  developed  countries  because 
of  effective  immunization  procedures.  Therefore  it  is  appropriate  to  ask  why  effort  should  be 
devoted  to  studying  the  mechanism  of  action  of  tetanus  toxin.  In  the  first  place  it  is  important  to 
recognize  that  potent  toxins  produced  by  a  variety  of  organisms  have  been  valuable  tools  that 
have  been  used  to  probe  the  molecular  features  of  the  complex  nervous  system  (Ceccarelli  and 
Clementi,  1979).  For  example,  the  sodium  channel  and  the  nicotinic  acetylcholine  receptor  have 
been  well  characterized  as  a  result  of  the  use  of  tetrodotoxin  and  a-bungarotoxin,  respectively. 
Therefore  one  important  reason  to  study  tetanus  action  is  that  It  may  shed  light  on  unknown 
molecular  processes  that  occur  in  the  brain. 

The  chemical  communication  of  signals  between  neurons  awoss  the  synaptic  cleft 
referred  to  as  synaptic  transmission,  is  mediated  by  neurotransmitter  substances  and  is  a  crucial 
process  in  the  nervous  system.  Yet,  the  molecular  processes  that  underlie  the  neurotransmitter 
release  mechanism  in  the  presynaptic  cell  are  not  understood.  Accordingly,  it  would  be  extremely 
valuable  to  have  toxins  that  could  be  used  as  tools  to  probe  this  specific  process. 

Tetanus  toxin,  a  protein  produced  by  the  bacterium  Clostridium  tetani,  is  an  extremely 
potent  neurotoxin  (Simpson,  1986;  Hahermann  and  Dreyer.  1986).  It  is  now  well  known  that 
tetanus  toxin  inhibits  neurotransmitter  release  from  presynaptic  terminals  from  a  variety  of  neural 
preparations  including  neuromuscular  junctions,  primary  cultured  neurons,  brain  slices  and 
synaptosomes  (Schmitt  et  at1981;  Bergey  at  a/1983;  Osborne  and  Bradford,  1973).  Many 
laboratories  have  been  active  in  trying  to  identfy  the  mechanism  by  which  tetanus  brings  about 
this  inhibitkjn.  From  such  studies  it  Is  now  dear  that  tetanus  toxin  does  not  (1)  cause  cel!  death 


or  disrupt  the  uttrastructure  of  the  presynaptic  terminal  (Mellanby  and  Green,  1981 ;  Schwab  and 
Thoenen,  1976);  (2)  alter  the  synthesis,  storage  or  uptake  of  neurotransmitter  (Collingricige  ef 
0^1 960);  (3)  modify  presynaptic  action  potentials  or  inward  calcium  currents  (Dreyor  efa£ 1983). 
Thus  the  current  hypothesis  for  tetanus  toxin  action  is  that  this  toxin  acts  by  perturbing  the 
coupling  of  excitation  to  neurotransmitter  seaetion  at  a  step  that  occurs  downstream  from  Ca®* 
entry  into  the  neuron.  Tetanus  toxin  is  one  member  of  a  small  dass  of  unique  neurotoxins  that 
act  at  the  presynaptic  terminal  on  processes  directly  involved  with  neurotransmitter  release.  All 
of  the  evidence  gathered  to  date  strongly  supports  the  idea  that  tetanus  toxin  is  indeed  a  very 
valuable  tool  to  study  excitation-secretion  coupling  in  the  central  nervous  system. 

A  second  important  reason  to  study  the  action  of  tetanus  toxin  is  that  its  mechanism  of 
action  is  strikingly  similar  to  that  of  another  potent  toxin,  botulinum  toxin,  which  is  produced  by 
another  closely  related  gram  positive  bacterium,  Clostridium  botulinum  (Simpson,  1986).  In 
contrast  to  tetanus  infections,  immunization  and  protection  against  botulinum  infections  is  very 
Bmited.  Thus,  an  understanding  of  the  action  of  tetanus  should  yield  information  which  will  lead 
to  a  therapeutic  strategy  for  the  treatment  of  the  toxic  sequelae  of  the  very  serious  botulinum 
infections. 
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Resu/ts  from  the  Principal  Investigator’s  Labo,  atorv 
During  the  Past  Year 


During  the  initial  phase  of  this  research  program,  considerable  effort  was  devoted  to 
developing  cultured  ceils  systems  that  could  be  used  as  appropriate  models  in  which  to 
investigate  the  mechanism  of  action  of  tetanus  toxin  on  neurotransmitter  release  (Staub  ef  a/.1 986; 
Walton  ef  aZ1988;  Sandberg  eraZ1S69).  We  have  established  that  pheochromocytoma  cell  line, 
PCI  2,  when  cultured  with  nerve  growth  factor  (NGF)  has  a  large  concentration  of  high  affinity 
tetanus  toxin  receptors  (Walton  et  a/.  1988),  and  is  a  valid  model  system  in  which  to  study  the 
mechanism  of  action  of  the  Clostridial  neurotoxins.  Further,  using  this  cell  system  in  the  second 
phase  of  the  project,  we  have  established  that  cGMP  plays  a  role  in  the  mechanism  of  toxic  action 
in  these  cells  (Sandberg  et  a/.1 989).  During  the  past  year  we  have  continued  to  exploit  this  cell 
system  and  have  extended  these  previous  studies  to  a  detailed  examination  of  the  role  of  cGMP 
in  neurosecretion  in  NGF-treated  PCI  2  cells.  The  rationale  for  this  study  was  that  by  more  clearly 
defining  the  role  of  cGMP  a  better  understanding  of  the  actio:  i  of  tetanus  toxin  will  be  derived. 

It  is  well  recognized  that  cGMP  levels  rise  in  nervous  tissue  in  response  to  depolarizing 
stimuli  (Nathanson,  1977;  Goldberg  and  Haddox,  1977).  In  the  previous  annual  report  we 
desaibed  procedures  that  we  have  developed  methods  to  permeabilize  PCI  2  cells  with  a  pore¬ 
forming  exotoxin,  a-toxin,  obtained  from  Staph,  aureus.  This  toxin  has  been  utilized  effectively 
to  examine  neurosecretion  in  several  neural  preparations  (Ahnert-Hiigsr  ef  ail  985;  Thelestam  and 
Blomqvist  1988).  The  advantage  of  this  approach  is  that  in  permeabilized  cells  one  has  direct 
access  to  the  intracellular  space  to  which  one  can  apply  probes  in  a  controlled  manner.  Initial 
experlmerrts  with  these  ceils  demonstrated  that  both  dopamine  (DA)  and  acetyichoSne  (ACh)  were 
secreted  from  such  cells  in  a  Ca**-depend8nt  manner  (Figure  1).  The  response  was  biphasic, 
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with  half  maximal  effects  observed  at  0.6  pM  and  20  (iM  free  Ca^*. 


Fkjun  1.  Ca»*-d«p*n(l«nt  njtoaa#  al  t*H]0A  and  ATP  from  a-roxin^jarm-aWtoad  ceSa.  In  Pana<  ^  niMM  of 
d^anWrwd  frwn  pnMabatad  PC12  da  Data  ara  «pra««J  aa  Ca**-d#pandam 
valuaa  m  tha  adnca  of  Ca**  (rapraaanttng  5-1»  of  tofaO-  In  panat  B,  ATP  ralaaaa 

to  ihoM  in  Panaf  A,  ATP  waa  dafarrrtnad  uaing  a  kicifaniaa  aaaay.  Ca**.*idapandant  raiaaaa  of  AP  waa  0.6  nmoi/mg 
protain.  Data  pointa  rapraaant  maana  ±  SEM  (n»9,  Panat  A;  n«3,  Panal  B). 


Experiments  were  performed  to  determine  whether  (’H]DA  release  in  both  Ca**-dependent 
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phases  was  derived  from  transmitter  stored  in  vesicles.  Release  of  ATP,  a  nucleotide  which  has 
been  shown  to  be  co-k?caiized  with  neurotransmitters  in  vesicles  (Green  and  Rein,  1977),  was 
used  as  an  independent  index  of  vesicular  release.  As  shown  in  Figure  1 B,  the  release  of  ATP 
from  permeabilized  cells  showed  a  biphasic  response  to  Ca^*  nearly  identJca]  to  that  for  [^H]DA. 

There  is  accumulafng  evidence  from  this  laboratory  that  tetanus  toxin  exhibits  its  effects 
by  altering  a  step  involved  in  cGMP  metabolism.  Such  data  suggests  that  cGMP  may  be  an 
important  signalling  molecule  in  regulating  neurosecretion  in  general.  As  an  initial  approach  to 
examine  this  hypothesis,  experiments  were  performed  to  examine  the  effects  of  cGMP  on  [’H]DA 
release  in  permeabilized  PCI  2  cells.  As  shown  in  Figure  2,  cGMP  did  evoke  the  release  of  DA 
from  such  cells  in  a  dose-  and  Ca**-dependent  manner. 
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[Cyclic  GMP]  (mM) 


Figun  Z  Do«*-fMpon*«  cu(v«t  for  cOMP-rtwcliated  rt<«aM  of  pH^OA  and  ATP  from  parmoabfetd  PC12  cola.  C*l«  war* 
pr*incubat*d  in  (^DA,  wufied  and  oxpoead  to  a-toxin  (100  units/mf)  prior  to  furtfi*r  Incubation  for  6  inin  In  ttt*  sam* 
buff*r  containing  ttt*  conc*ntrafion«  of  cQMP  thown.  R*f«aM  of  radioiab*f  or  ATP  In  tfi*  absanc*  of  nucfaotW*  wm 
aubfractad  from  axparimantal  vaJuaa  to  show  tri*  apacific  Incraas*  du*  to  cQMP. 


The  time  course  for  the  cGMP-evoked  release  of  [*H]DA  is  shown  in  Figure  3.  After  the  cells  were 
exposed  to  f  mM  cGMP,  there  was  a  lag  period  of  1  min,  after  which,  [*H]DA  release  occurred, 
reaching  maximal  values  by  3  min. 
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cGMP-OEPENDf 


shown).  Thus,  taken  together,  these  data  suggest  that  cGMP  can  play  a  role  in  regulating 
neurosecretion  from  PCI  2  cells. 


Putative  sites  of  action  of  cGMP.  A  possible  explanation  for  the  action  cf  cGMP  on  seaetion  is 
that  it  may  release  Ca**  from  intracellular  stores.  However,  since  10  mM  EGTA  was  used  in  the 
release  buffer,  it  seemed  unlikely  that  any  released  Ca^^  would  not  be  buffered  and  could  result 
in  a  Ca**  transient  sufficient  to  stimulate  secretion.  Experiments  were  performed  to  confirm  this 
hypothesis.  PCI 2  cells,  permeabiiized  in  the  absence  of  Ca**,  were  treated  with  A23t87  in  order 
to  release  Ca^*  from  intracellular  stores.  In  the  absence  of  EGTA  this  treatment  resulted  in 
increased  release  of  transmirter  (Figure  4),  However,  release  observed  in  the  presence  cf 
ioncphore  was  reduced  to  control  levels  if  the  concentration  of  EGTA  was  greater  than  ImM 
(Figure  4).  Thase  results  argue  against  the  possibility  that  cGMP-evoked  [*HJDA  release, 
measured  In  the  presence  of  10mM  EGTA,  results  from  release  of  a  cGMP-sensitive  i.ntracellular 
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LU 


[EGTA]  (mM) 


nguiw4.  Effects  of  EQTAconc*mr«liooooC«**  looophor*-tnduc*d  of  [^OA.  PC12  c*l«  w*r«  pr*incut«t#<J<»tlh 
pi]OA  M  <t«ta4*d  In  t«xt  Sub*«qu*nt  wa*h*»  wort  madt  in  KQ  DuPor  (pH  7.4)  containing  0-10m«  EGTA  (Mg** 
ad)t/alod  to  maintain  a  fraa  concantration  of  2.8mM).  Anar  tba  cals  woro  |>armaabCzod  with  a-tcxin  (tOO  unita/mf)  m  tba 
approprtata  EGTA  b^itfar,  tftty  wara  mcjoaiad  for  8  min  at  37*C  In  tha  pratanca  (*)  or  abaanca  (O)  of  A23187  (5  (»M), 
Data  poirtta  rapraaant  tba  maan  of  tilplcata  datanrinatlona  from  a  aingla  axpartmani 


The  action  ot  cGMP  may  involve  a  cGMP-dependent  kinase.  While  the  effects  of  cGMP  did 
not  require  the  presence  of  exogenous  ATP  (data  not  shown),  there  may  be  sufficient  ATP  stiil 
prasertt  in  permeabilized  PCI  2  cell?  to  maintain  phosphoryiation-medlated  events.  This 
hypothesis  was  supported  by  results  from  experfenents  In  which  ATP  levels  were  measured  in 
permeabilized  and  Intact  cells  and  found  to  be  44  and  97  nmol'mg  of  protein  respectively.  Thus 
In  order  to  further  exptore  this  hypothesis,  the  effects  of  a  non-hydrolyzable  analogue  of  ATP  on 
cGMP-evoked  [*H] DA  release  was  examined.  Addition  of  AMPPNP  (Yount  efaZ  1971)  completety 
irvhtolted  any  inaease  in  sewetlon  due  to  cGMP  (Rgura  5). 
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Figun  5  Eff*cti  tH  ATP  tnatogu#,  AMPPNP,  on  cOMP-in<3uc*<J  MDA  (^]OA-prN*t>***d  wf* 

pcmwatAttd  m  m«  prcMnc*  (tnao«d  bars)  or  absanca  (opan  ban)  of  ItrJA  cOMP  and  soacrAc  raraaaa  of  (*H]OA  wu 
quarttftatad.  Al  buffan  wars  auppiamantad  wttn  1mM  ATP  (control)  or  imM  AMP'PNP. 


These  results  suggest  that  hydrolysis  o(  ATP  is  important  in  mediating  tne  effects  of  cGMP,  Thus, 
these  data  suggest  the  importance  of  phosphorylation-mediafed  events,  through  the  activation 
of  a  cGMP-activatsd  kiiiase  for  example,  in  the  stimulation  of  secretion  by  cGMP. 
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CONCLUSIONS 


During  the  early  phase  of  this  project  we  were  successful  In  establishing  a  cuKursd  cell 
model  system,  the  PCI  2  pheochromocytoma  cell  Dne,  to  study  the  mechanism  of  action  of 
tetanus  toxin.  Further  we  have  studied  the  characteristics  of  the  intoxication  pathway  (Sandberg 
#f  */1989)  and  have  found  that  It  is  analogous  to  that  which  has  been  characterized,  to  some 
extent  ki  vivo  (Simpson,  1986;  Habermann  and  Dreyer,  1 986).  The  major  thrust  during  the  past 
year  was  to  exploit  this  well  characterized  model  system  to  gain  insight  into  the  molecular 
mechanism  of  action  of  tetanus  tuxin. 

In  the  present  study,  we  have  utilized  a  preparation  of  permeabilized,  NGF-differentiated, 
PCI  2  cells  to  examine  the  role  of  cGMP  In  neurotransmitter  release.  An  important  finding  is  that 
cGMP  can  stimulate  neurotransmitter  release  from  such  cells  in  a  Ca** -independent  manner. 
Further,  NGF-differentiated  PC  1 2  cells  show  two  phases  of  vesicular  neurotransmittor  release  that 
can  be  distinguished  not  only  by  their  differential  sensitivity  to  Ca**,  but  also  in  their  sensitivity  to 
cGMP. 

Permeabilized  NGF-treated  PC12  cells  retain  their  ability  to  release  catecholamines  in 
response  to  Ca**.  The  Ca**  dose-response  curve  for  release  of  catecholamines  revealed  two 
phases  of  nourotransmitter  release  which  is  similar  to  that  reported  for  non-difforentiated  PCI  2 
cells  (Ahnert-Hilger  ef  a/.  1985).  Two  series  of  experiments  indicated  that  both  the  high  and  low 
affinity  Ca** -dependent  release  originated  from  a  vesicular  pool(s);  firstly,  preincubation  with  the 
plant  alkaloid  reserpine,  which  signftcantly  reduces  the  level  of  transmitter  within  vesides  (Klttner 
9t  ail  907),  inhibited  Ca** -dependent  seaotion  from  both  phases.  Second,  the  release  of  ATP, 
which  is  stored  in  secretory  vesicles  with  transmitter  artd  co-re!eas@d  upon  stSmulation  (Green  and 
Rein,  1977),  exhibits  a  similar  biphaslc  response  to  Ca**  (Figure  13).  Thus,  afttvough  the 
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biological  significanca  of  these  two  phases  of  transmitter  release  remain  to  be  defined,  they  arise 
from  pools  of  seaetory  vesides. 

An  important  goal  of  the  present  study  was  to  verify  the  hypothesis,  presented  elsewhore 
(Sandberg  ef  a£1989),  that  cGMP  may  play  a  role  as  a  signalling  molecule  in  secretion.  Several 
results  presented  here  support  the  conclusion  that  cGMP  is  involved  in  this  process;  under 
nominally  Ca**-free  conditions  (pCa>9),  cGMP  stimulates  transmitter  release  in  a  time^ependent 
manner;  the  co-release  of  ATP  indicates  that  cGMP-evoked  release  of  DA  was  derived  from 
vesicular  pools;  the  magnitude  of  cGMP-evoked  release  in  Ca**-free  medium  is  similar  to  that 
evoked  by  excitatory  concentrations  of  free  Ca**  (1-1  O^M).  However,  while  the  effects  of  cGMP 
were  dose-dependent  and  highly  specific  (i.e.  OA  release  was  seen  only  for  cyclic  analogues  of 
guanine  nucleotides),  it  Is  not  clear  whether  the  nucleotide  stimulates  seaetion  from  the  same 
population  of  vesides  as  Ca^*. 

Dose-response  studies  revealed  that,  under  the  conditions  used,  half  maximal  doses  of 
cGMP  were  in  the  range  of  500)iM.  These  levels  may  be  higher  than  expeded  in  a  physiological 
corrtext  However,  several  results  indicate  that  the  apparent  potency  of  cGMP  is  reduced  duo  to 
two  factors;  a  lack  of  complete  permeability  of  thr  plasma  membrane  to  cGMP  and  degradation 
of  the  nucleotide. 

Permeabillzation  of  calls  with  saponin  (which  produces  larger  pores  than  a-toxin  (Ahnert-Hiiger 
and  Gratzl,  1966),  increased  the  potency  of  cGMP  by  40%.  Furthermore,  when  cells  were 
incubated  with  [*H]cGMP,  60%  of  the  cell-associated  nudeotide  was  degraded  within  3  min. 
Induskxi  of  phosphodiesterase  inhibitors  partially  reversed  u'  :is  degradation  arxJ  inasased  the 
apparent  potency  of  cGMP,  Thus,  while  It  Is  difficult  to  accurately  estknate  the  effective 
corKantralion  of  intracellular  cGMP  in  these  experiments,  it  is  dear  that  cGMP  is  •iy'^ficantfy  more 
potent  than  estimated  by  the  haif-maximaJ  concentratiop  of  the  dose-response  reiation. 
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WhOe  many  of  the  experiments  were  performed  in  the  absence  of  Ca^*,  under 
physiological  conditions  Ca®*  would  be  present  Therefore  It  was  imoortant  to  determine  if  there 
were  interactions  between  Ca^*  and  cGMP  on  secretion.  Transmitter  release  induced  by  cGMP 
was  observed  only  in  Ca**-free  buffers.  While  a  small  increese  in  release  was  observed  if  cGMP 
was  present  during  incubations  with  low  Ca**  concentrations  data  not  shown),  cGMP 

effects  were  not  additive  with  release  induced  by  10(tM  free  Ca^*.  Although  this  effect  could  be 
explained  by  a  cGMP-mediated  release  of  Ca^*  from  intracellular  stores  this  is  unlikely,  since,  in 
the  presence  of  lOmM  EGTA,  intracellular  Ca**  levels  are  effectively  buffered  (Figure  4). 
Furthermore,  in  contrast  to  its  stimulatory  action  under  conditions  of  low  free  Ca**,  cGMP  was 
actually  inhibitory  to  release  induced  by  lOOuM  free  Ca**.  It  was  also  clear  that  AMPPNP 
inhibited  the  action  of  cGMP  suggesting  that  hydrolyzable  ATP  is  required  for  the  action  of  the 
nudeotlde.  These  results  suggest  that  a  cGMP-dependent  kinase  may  be  an  important  mediator 
of  the  response.  Further  experiments  are  needed  to  darif/  this  issue. 

Thus,  In  summary,  cGMP  was  found  to  stimulate  the  rapid  release  of  neurotransmitter 
from  permeabilized  PCI  2  cells  under  essentially  Ca**-free  conditions.  Further,  in  the  presence  of 
Ca**,  cGMP  regulated  one  phase  or  mode  of  Ca**-dependent  release.  These  observations 
provide  new  insight  on  the  importance  of  cGMP  in  regulating  the  molecular  events  that  are 
triggered  by  depolarization  and  that  lead  to  neurotransmitter  release.  It  will  be  important  in  future 
studies  to  examine  the  effects  of  tetanus  and  botulinum  toxins  on  the  process. 
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